
ARTICLE IN PRESS
0921-4526/$ - se

doi:10.1016/j.ph

�Correspondi
+1631 632 5764

E-mail addre
Physica B 357 (2005) 73–79

www.elsevier.com/locate/physb
The effect of density fluctuations in supercritical fluids: new
science and technology for polymer thin films

Tadanori Kogaa,�, E. Akashigea, A. Reinsteinb, M. Bronnerc, Y.-S. Seod, K. Shine,
M.H. Rafailovicha, J.C. Sokolova, B. Chuf, S.K. Satijad

aDepartment of Materials Science & Engineering, State University of New York at Stony Brook, Stony Brook, NY 11794-2275, USA
bRambam Mesivta High School, Lawrence, NY 11559, USA

cYale University, New Haven, CT 06520, USA
dCenter for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

eDepartment of Materials Science and Engineering, K-JIST, Kwang-ju 500-712, Korea
fDepartment of Chemistry, State University of New York at Stony Brook, Stony Brook, NY 11794-3400, USA
Abstract

Supercritical carbon dioxide (scCO2) is being used increasingly as a green solvent in polymer processing. However,

the major disadvantage thus far is that only a limited class of polymers, such as fluorinated or silicone-based polymers,

can be dissolved in scCO2. Here we show that large density fluctuations in scCO2 can significantly enhance the solubility

of scCO2 with polymer thin films even when the bulk polymers have very poor miscibility with scCO2. In addition, by

utilizing quick solvent evaporation of CO2, we could preserve the swollen structures, resulting in low-density polymer

thin films where nanometer-scale porosity was significantly introduced. The use of the low-density polymer thin films

could allow us to develop a new gas membrane that could selectively permit a large flow of small molecule gases, such as

O2 and CO2, while completely blocking out larger gases or particulates.
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1. Introduction

At temperatures and pressures above the critical
point values, a one-component fluid can have
density and solvent properties approaching those
of the corresponding liquid. Fluids in this regime
d.
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are defined as ‘‘supercritical fluids’’ (SCFs)
(Fig. 1). At liquidlike densities SCFs exhibit a
gaslike low viscosity and high diffusion rate. In
addition, by varying temperature and pressure,
one can control the solute–solvent interactions in
SCFs. In particular, much attention has been
focused on supercritical carbon dioxide (scCO2)
since scCO2 is an environmentally clean solvent
having the mild critical point value (Tc ¼ 31:3 1C
and Pc ¼ 7:38MPa). ScCO2 is being used increas-
ingly as a regeneration solvent in polymer proces-
sing, polymer synthesis, reactor cleanup, and
preparation of pharmaceutical products [1]. How-
ever, the major disadvantage thus far is that only a
limited class of polymers, such as highly fluori-
nated or silicone-based polymers, can be dissolved
in scCO2 under moderate conditions (To100 1C,
and Po50MPa) [1–4]. Therefore, it is crucial to
develop a new concept for improving the solubility
of target materials with scCO2.

In this paper, we first review our new finding:
density fluctuations in scCO2 near the critical point
can drastically enhance the swelling of polymer
thin films even when the bulk polymers have the
very poor miscibility with scCO2. The key techni-
que is neutron reflectivity (NR), which is an ideal
tool to determine the in situ thickness, composi-
tion, and interfacial structures of polymer thin
films immersed in fluids or gases, under high
P
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Fig. 1. Schematic phase diagram of CO2. Supercritical fluid

state and triple point are denoted as SCF and TP, respectively.
pressure. The NR studies clarify that a wide
variety of polymer thin films can swell as much
as 30–60% in scCO2 along the ‘‘density fluctuation
ridge’’ [5,6] that defines the maximum density
fluctuation amplitude of CO2 in the P–T phase
diagram (Fig. 1). The ridge separates into the more
liquidlike and more gaslike regions in the super-
critical region and is a general feature for
substances [7,8].
Furthermore, we find that the in situ film

quality, i.e., density, roughness and film thickness,
can be frozen by quick evaporation of CO2 [9].
This process vitrifies the polymer without forma-
tion of micron-sized voids that are known to form
in the bulk when scCO2 is forced under high
pressures into polymers with which it is immiscible
[10,11]. Here, we show that the frozen thin films
where molecular scale porosity is significantly
introduced [12] play an important role as a highly
permeable gas membrane for gas filtration.
2. Neutron reflectivity

In order to perform reflectivity measurements
under compressed gases or liquids, there are
several experimental difficulties. Especially, deli-
vering probe beams, such as X-ray and neutron
into high-pressure vessels is the most important
issue due to a large absorption of the compressed
gases for the radiation beams. For instance, the
linear absorption coefficient (m) of CO2 with
density (rco) of 0.468 g/cm3, which corresponds
to the critical density, is estimated to be 2.71 cm�1

with a X-ray wavelength of 1.3 Å. The transmit-
tance beam through a path-length of t, IðtÞ ¼ e�mt;
is almost absorbed when t42 cm. Although
similar absorption of neutron beams occurs in
compressed CO2, it is possible to overcome this
difficulty by utilizing the large penetration depth
inherent with neutrons: incident and reflected
beams can pass through a Si substrate without
contact CO2 [6].
The specular NR measurements were performed

on the NG-7 reflection spectrometer at National
Institute of Standards and Technology. The details
of the high-pressure cell and data analysis have
been described elsewhere [6].
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3. Results and discussion

3.1. Anomalous swelling of polymer thin films in

scCO2

Fig. 2(a) shows representative NR data for a
deuterated styrene-random-butadiene copolymer
(d-SBR) thin film at three different pressures and
T ¼ 36 1C; the reflected scattering intensity is
plotted as a function of the momentum transfer
normal to the surface, qZ ¼ 4p sin y=l; where y is
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Fig. 2. (a) Representative reflectivity data for d-SBR films at

T ¼ 36 1C: Consecutive reflectivities have been offset from each

other for clarity. Solid lines represent reflectivity calculated

from the corresponding d-SBR concentration profiles shown in

(b).
the glancing angle of incidence and l is a
wavelength of neutron beams. The solid lines
correspond to the best-fits to the data based on the
scattering length density (SLD) profiles shown in
Fig. 2(b). From the figure we can see that the good
fits can be obtained with uniform concentrations
of CO2 into the polymer layer and no preferential
adsorption of either CO2 or polymer occurs at the
Si substrate. The thickness of the layer, which is
initially 385 Å thick, increased drastically to 620 Å
near the critical pressure (P ¼ 8:2MPa) and then
decreased again to 423 Å upon compression up to
P ¼ 35:0MPa: It was found that the swelling
behavior was an equilibrium quantity that was
solely a function of the CO2 pressure and
temperature [5,13].
Fig. 3(a) summarizes the swelling behavior of

the d-SBR thin films. The linear dilation (Sf) was
calculated from the equation Sf ¼ ðL � L0Þ=L0;
where L and L0 are the measured thickness of the
swollen and unswollen polymer thin films, respec-
tively. From the figure we can see that each
swelling isotherm shows a peak near the critical
pressure. Especially at T4Tc; as the temperature
approached to Tc, the peak profile became sharper
accompanying a position shift to the lower
pressure. When the pressure increased well into
the liquid or supercritical region (Pffi15MPa), the
film collapsed and only a small dilation of
approximately 0.1 appeared for all isothermal
conditions studied.
Isothermal swelling data of a bulk SBR sample

(Mw ¼ 35; 000; Mw=Mn ¼ 1:8; fPS ¼ 24%; 8mm
in thick, Goodyear Co.) determined by a cathet-
ometer is also plotted (shown by filled circles) in
Fig. 3(a) at T ¼ 36 1C: To compare the swelling
between the thin and bulk films, we assumed that
the swelling of the thin films was uniaxial [14,15],
while that of the bulk (Sb) was isotropic, i.e., Sb ¼

ððL � L0Þ=L0Þ
3: From the figure we can see that the

bulk result is similar to those reported for other
polymers [16–24]: the rate of the dilation is
maximal near the critical pressure, and a plateau,
with no maxima, in the swelling at a value of 10%
occurs. Hence the bulk swelling is related to the
monotonic increase in the miscibility of the
polymer with CO2 above Tc [5]. Since only the
rate of miscibility, rather than the absolute value,
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Fig. 3. (a) Pressure dependence of Sf for d-SBR in CO2 Sb for

bulk SBR at T ¼ 36 1C is also shown by filled circles. (b)

Calculated density fluctuations of CO2 based on Eq. (1).
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is maximal near Pc, this does not explain the peak
observed in the dilation curves of thin films.

What is the driving force for this anomalous
dilation? The key was the scattering intensity from
CO2, i.e., the density fluctuations, as the back-
ground scattering for the NR data [6]. As a result,
we found that the pressure dependence of the
integrated scattering intensity also showed a peak
at the same position (pressure) where the
anomalous swelling occurred [5]. In order to
further explore the relationship between the
density fluctuations in CO2 and anomalous
dilation, we calculated the density fluctuations,
/ðDNÞ

2S=/NS; using the thermodynamic rela-
tionship:

/ðDNÞ
2S=/NS ¼ ðN=V ÞkT kBT ; (1)
where N is the number of molecules in the
corresponding volume V, and kB is the
Boltzmann constant. The isothermal compressi-
bility kT was obtained by using the equation of
state derived by Huang et al. [25]. Fig. 3(b)
shows the calculated density fluctuations
at the four different isothermal conditions as a
function of pressure. Each peak position
in the curves forms the ridge in the P–T

phase diagram shown in Fig. 1. Comparison of
the experimental data shown in Fig. 3(a)
with the calculated density fluctuations in
Fig. 3(b) leads to an important conclusion that
the anomalous dilation observed is strongly
correlated to the density fluctuations in CO2.
Furthermore, we found that the dilation curves
under the two isobaric conditions (P ¼ 7:9 and
10.8MPa) could again be directly superimposed
on the density fluctuation curves, as in the case of
the isothermal curves [5]. We can therefore
conclude that the dilation is an equilibrium
phenomenon, which is associated only with
/ðDNÞ

2S=/NS; and independent of the direction
of approach to the ridge. This finding is, to the
best of our knowledge, the first time to demon-
strate that the density fluctuations can improve
and control the solubility of scCO2 in the polymer
thin films. Since the large density fluctuations in
scCO2 can be achieved even near the room
temperature, the effect is very important for
polymer processing in which high temperature is
typically required.
Here we summarize the further characteristics of

the anomalous swelling of polymer thin films
along the density fluctuation ridge:
(1)
 The anomalous dilation is an universal phe-
nomenon regardless of a choice of polymers. In
addition, it is found that the dilation at the
ridge appears to be more a function of the
elasticity of the polymer than the solubility
parameter [6];
(2)
 The anomalous dilation can be collapsed on an
universal curve when the film thickness is
scaled by Rg, where Rg is the radius of polymer
gyration, and is a surface effect that occurs
within the 10Rg thickness at the polymer/CO2

interface [5].
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Fig. 4. (a) Oxygen flow flux vs. time for unexposed and exposed

PS films. (b) Pressure dependence of intrinsic permeability

coefficient is shown as a function of the film thickness.
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We also studied the swelling behavior of
deuterated polystyrene (d-PS) brushes, where
chain ends of which are chemically grafted to a
solid surface [26]. The NR measurements clearly
demonstrated that the swelling behavior of the d-
PS brushes was identical to that of the non-
tethered d-PS thin film, including the anomalous
swelling region near the ridge. Furthermore, the
density profiles of the d-PS brushes could be
approximated by a simple step function within the
entire pressure ranges used, indicating that the
solvent quality of scCO2 was still poor for the d-PS
brush even at the ridge.

3.2. Highly gas permeable membrane using low-

density polymer thin films

Over the past several years, the demand for safer
and more effective gas masks has increased
dramatically with the threat of biological and
chemical terrorism, as well as with the outbreak of
SARS and other extremely contagious viruses.
Gas masks are currently produced using ‘‘non-
woven’’ fiber technology, where fibers are com-
pacted to produce a porous filter. This technique
can yield filters with very small pores. On the one
hand, this technology is very effective in blocking
pathogens such as anthrax, but on the other, these
filters can be very uncomfortable since they also
restrict the flow of air, and if they are frequently
removed, they are not effective. Thus, the ideal gas
mask would be one that allow unrestricted airflow
while selectively blocking out airborne pathogens.
Here we show that the low-density polymer thin
films created by the scCO2 processing have great
potential to develop such a membrane.

Polymer used in this study was PS
(Mw ¼ 6:5� 105; Mw=Mn ¼ 1:05; Polymer Lab.).
The film thickness of 1500 Å was spun cast onto a
glass slide. The sample preparation for oxygen gas
permeability experiments is as follows: (i) the
spun-cast film was placed in the high pressure
chamber, (ii) immersed in scCO2 at given pressures
and T ¼ 36 1C for the annealing time of 2 h, (iii)
quickly depressurized to the atmospheric pressure
within 10 s, and (iv) floated onto deionized water
and subsequently lifted onto a polished washer
with the PS film covering an entire hole (a 5-mm
diameter). An oxygen gas detector and LabPro
interface (Verner Software and Technology) were
used for the real-time data collections. Since we
utilized oxygen gas in the air, the atmosphere of
the chamber, which was attached directly to the
gas detector, was initially filled with nitrogen gas.
The washer covered with the film was then placed
onto the hole of the chamber and the oxygen gas
flow through the film was monitored as a function
of time. Fig. 4(a) shows the time dependence of the
oxygen flow flux for the PS film before and after
exposure to scCO2 (T ¼ 36 1C and P ¼ 8:2MPa).
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From the figure we can see that the flow rate of the
O2 gas significantly increases after exposure to
scCO2. The time dependence of the gaseous flux
(f) could be approximated by a simple exponential
function, i.e., the Fick’s first law:

f ¼ a� b expð�t=tÞ; (2)

where a and b are constants, and t is the time
constant. t is reversely proportional to the intrinsic
permeability coefficient (Pi), i.e.,

t ¼ VL0=PiA; (3)

where V is the volume of the chamber, A is the
surface area and L0 is the initial film thickness.
From the best fit to the data, the Pi value at the
ridge was estimated to be 1.1� 10�8

(cm3(STP)cmcm�2 s�1 cmHg�1), which is about
three times larger than that of the unexposed film
(Pi ¼ 4:0� 10�9 (cm3(STP)cmcm�2 s�1 cmHg�1)).
Fig. 4(b) summarizes the effect of the CO2 pressure
on the Pi values at T ¼ 36 1C: As in the case of the
swelling behavior shown in Fig. 3(a), a sharp
maximum appears at the density fluctuation ridge
(P ¼ 8:2MPa). This indicates that molecular-level
porosity is significantly introduced after the scCO2

processing, resulting in a highly permeable mem-
brane for O2 gas. Interestingly, we found that the Pi

value of the unexposed film was more than one
order of magnitude larger than the bulk, Pbulk ¼

2:5� 10�10 (cm3(STP)cm cm�2 s�1 cmHg�1)).
Further permeability experiments varying the film
thickness of the PS thin films showed that the Pi

values increased with decreasing the film thickness
at L0o4000 Å [27]. Hence, the low-density poly-
mer thin films created by the scCO2 processing
could have great potential as an effective gas
membrane. We are currently studying the gaseous
flux of large molecules, such as SF6. Details will be
published elsewhere [27].
4. Conclusion

We found that the large density fluctuations in
scCO2 significantly enhanced the solvent quality of
scCO2 for polymer thin films even when the bulk
polymer has very poor miscibility with CO2. Since
the poor miscibility of many interesting target
substances places a severe restriction on the
widespread use of scCO2 so far, this finding could
facilitate a conceptual design and analysis of
environmentally ‘‘green’’ chemical processing. In
addition, by using the low-density polymer thin
film created by the scCO2 processing, we devel-
oped a new gas membrane that could permit a
large flow of small molecule gases, such as O2 and
CO2. This membrane could be used in protective
masks, making the masks effective yet relatively
inexpensive for homeland security.
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